ever also be designed as strongly nonlinear oscillators, thus providing for giant nonlinear optical susceptibilities [3] [4] [5] [6] . The latter have first been demonstrated in the early 1990s, but their usefulness in nonlinear frequency conversion was limited due to difficulties in efficiently coupling the pump radiation to the intersubband optical transitions. Besides, even with good coupling, there are fundamental problems of resonant absorption of the external pump radiation and the lack of a suitable phase-matching scheme in most III-V semiconductors.
A monolithic and guided wave approach of integrating the nonlinear optical transitions with the pump light source would provide the best solution for efficient coupling and allows overcoming the difficulties indicated above. In the integrated device, laser radiation generated by carrier injection into the active region serves as an intracavity optical pump for the nonlinear frequency conversion. All fields participating in the nonlinear interaction can be at resonance with the corresponding intersubband transitions, maximizing the nonlinear optical response. True phase matching can be achieved by using optical modes of different transverse order.
Such integration was earlier suggested for diode lasers [7] . Recently we have demonstrated the first integration of nonlinear optical intersubband transitions with QC lasers. We monolithically integrated a two-stack two-wavelength QC laser and coupled QWs with strong second-order nonlinear susceptibilities, resulting in sum-frequency and second-harmonic generation (SHG) [8] . In this latter work, we identified two different methods of integrating the optical nonlinearity with the QC laser, one being the addition of a separate section of specially designed QWs into the laser waveguide core. The second approach simultaneously uses the QWs in the active region of the QC laser itself for nonlinear light generation. This latter approach has clear advantages as it assures a strong overlap and efficient in-plane coupling of fundamental and nonlinear guided modes; it furthermore allows for an automatic resonance of the pump light with one "leg" of the nonlinear optical transition cascade and finally suggests full use of the laser cavity for QC-laser active regions and injectors, thus increasing the power of the fundamental pump light. Since the QWs of such a laser design not only have to function well as QC lasers but also need to provide a large optical nonlinearity, a tradeoff may exist between laser performance and linear-to-nonlinear power conversion efficiency.
In this paper, we present optimized SHG in QC lasers, in which the QWs of the active regions simultaneously function as nonlinear oscillators. We discuss three generations of QC laser designs. The first generation is exactly modeled after the one reported first in [8] , where several 10 milliwatts of fundamental power were converted into about 10 nW of SHG light. The second-generation design improved upon this baseline by keeping essentially the same energy level structure, but maximizing the essential parameters for laser performance and SHG, such as resonance conditions, optical dipole matrix elements, and carrier density. Up to 1 W of pump power at m was then converted into up to W of SHG at m wavelength; the linear-to-nonlinear power conversion efficiency was improved by about a factor of five over the original design. In third-generation devices, operating at 9.1-and 4.55-m wavelength, the electronic level structure was optimized for SHG, resulting in a power conversion efficiency that is enhanced up to 100 times. It is important to note that this optimization for SHG in coupled QWs is not a global one, as was described by Khurgin [9] , but is performed under the condition that the resulting structure must also be a reasonably high-performing QC laser. In fact, we have tested another active region design with a nominally (by another factor of 100) increased linear-to-nonlinear power conversion efficiency. However, this particular structure did not display laser action.
This paper is focused on the optimization of SHG in QC lasers by proper design of the electronic level structure. We would, however, also like to note that by analogy our assertions are similarly applicable to sum-frequency and higher harmonics generation as well as to difference frequency generation. In addition, work on phase matching of the waveguides is currently in progress and will be presented elsewhere.
This paper is organized as follows. Section II describes the quantum design, layer structure, and device layout of our samples. Section III provides the theoretical framework needed to calculate the condition for and efficiency of SHG and related nonlinear optical effects. In this section, we also estimate the nonlinear optical susceptibilities for our samples and external linear to nonlinear power conversion efficiency. In Section IV, we report and evaluate the experimental data. Section V presents a short conclusion and outlook.
II. SAMPLE DESIGN, STRUCTURE, AND LAYOUT
In [8] , we had focused on sum-frequency generation in QC lasers. The intersubband transitions in the regions with large optical nonlinearities were near resonant for sum-frequency generation of 7.1 and 9.5 m wavelength light. However, due to the (intrinsic and extrinsic) broadening of the intersubband transitions [10] , which easily can reach 10-20 meV full-width at halfmaximum (FWHM) for transitions in the mid-infrared wavelength range, the intersubband transitions also supported SHG. In the following, we will focus on optimizing QC lasers for SHG, and we will use the layer design of the structure of [8] as a baseline.
QC-laser active regions up to now have been designed starting from a single QW to active regions containing ten coupled QWs or superlattices. [2] Some of the most successful active region designs contain a minimum of three consecutive energy levels, termed 3, 2, and 1, with the laser transition being from level 3 to level 2, and level 2 being depleted of electrons quickly by resonant longitudinal optical (LO) phonon scattering into level 1.
Under operation, electrons are injected into level 3 by resonant tunneling from the ground state-termed g-of the preceding injector region, and tunnel resonantly out of levels 2 and 1 into the following electron downstream injector region. High-performance QC-laser active regions are then characterized by a large optical dipole matrix element for the laser transition , fast tunneling times into and out of the active region, a long lifetime of the upper laser level 3, and a short lifetime of the lower laser level 2. With the appropriate design of scattering rates, the only energy levels with significant electron population are levels 3 and g, which share a common quasi-Fermi level. We can adopt the gain coefficient as a good figure of merit for the quantum design of the QC laser. It is given as [1] , [2] (1) where is the LO-phonon scattering time between levels 3 and 2, is the electron charge, the laser wavelength, is the modal effective refractive index at , the thickness of one pair of active region and injector, and the FWHM of the transition. An intersubband structure capable of SHG, on the other hand, contains yet another triplet of energy levels (i, ii, iii) in the conduction band of coupled QWs. An optimized structure is in near resonance with the pump radiation at frequency and SHG at and the product of the three optical dipole matrix elements , , and between all three levels is large. We adopt the absolute value of the second-order nonlinear susceptibility as the figure of merit of our design; the latter is approximately given as [6] (2) where is the electron density in the active region, and are the energy difference and transition broadenings between levels and , respectively. To be an efficient nonlinear converter, at least one energy level of the nonlinear cascade (i, ii, iii) has to be populated with free electrons. This latter requirement guides the design of viable QC-laser active regions with integrated nonlinear optical cascades, as the upper QC-laser level (levels 3 and g)-the only one significantly populated with electrons under laser operation-must coincide with one level of the nonlinear cascade.
A. SHG in QC-Lasers With Three-QW Active Regions
In Fig. 1(a) , the conduction band structure of one active region with its preceding and subsequent injector region is shown. The QWs are InGaAs and the barrier material is AlInAs, both lattice matched to InP substrate. We use a conduction band offset of 520 meV and an applied electric field of 58 kV/cm. Fig. 1(a) also shows the moduli squared of the essential wavefunctions, the baselines of which coincide with their respective energy levels. This QC-laser active region contains three coupled QWs: a thin first QW followed by two wider ones. The latter are the essential QWs sustaining the laser transition, between levels 3 and 2. The center QW is furthermore the main origin for energy level 5, and the thin first QW mainly supports level 4. The the underlined layers were doped to 3:0 2 10 cm [14] .
pump radiation at the fundamental frequency is generated between levels 3 and 2. Nonlinear cascades can be found for the level triplets 2-3-4 and 3-4-5. As the energy positions of levels 3 and 5 are mainly governed by the center QW, and level 4 by the thin first QW, variations in relative thicknesses of the two QWs quickly allow optimization of the resonance condition, and the spatial asymmetry of the QWs assures sizable optical dipole matrix elements.
Both the original design of a QC laser with integrated nonlinear optical cascade (designs D2616, D2882, and [8] ) as well as its successor optimized for SHG [design D2886 shown in Fig. 1(a) ] followed this design idea. The design parameters for both designs are given in Table I .
B. SHG in QC-Lasers With Two-QW Active Regions
A closer examination of the structure of Fig. 1(a) , however, reveals some shortcomings. First of all, the two nonlinear cascades are in fact contributing to the total second-order nonlinear susceptibility with opposite sign and similar magnitude, thus diminishing the overall effect. Second, the very choice of a three-QW design also results in another energy level situated between levels 3 and 4. While out of resonance with any radiation inside the cavity, and thus not severely impeding the process, it still leads to smaller than possible dipole matrix elements for the other transitions. Such an argument follows from a sum-rule of the oscillator strength for intersubband transitions [11] . Therefore, we adopted a new design of the QC-laser active region with nonlinear cascade with only two QWs. The conduction band structure and moduli squared of the essential wavefunctions of one active region as well as of its preceeding and following injector region are shown in Fig. 1(b) . The structure has been calculated for an applied electric field of 38 kV/cm. QC-laser action again takes place between levels 3 and 2. As the first "leg" of the nonlinear cascade 2-3-4 coincides with the laser transition, i.e., the fundamental pump light, their remaining in resonance is trivial. Resonance of the second "leg" can be achieved by relative thickness variations of the two QWs and the barrier between them. It is worth noting that, in this design of the nonlinear cascade, resonant absorption of the SHG radiation is negligible, as the free electron population is in level 3 rather than in level 2.
The full set of device parameters for this type of design [D2912, numbering of the energy levels follows Fig. 1(b) ] are also given in Table I .
C. Waveguide Designs and Device Layout
Four different wafers are being compared in this paper. The nominally identical wafers D2616 and D2882 contain the same active regions and injectors as the structure of [8] . The active regions and injectors of wafers D2886 and D2912 are shown in Fig. 1(a) and (b) , respectively. The thicknesses of the individual QWs and barriers are given in the caption of Fig. 1 ; in the following we will give the waveguide parameters.
For wafers D2616 and D2882, 32 QC-laser active regions interleaved with injector regions were grown sandwiched between two layers of low-doped InGaAs cm , 500 nm below, and 300 nm above. All these layers together constitute the waveguide core. The bottom waveguide cladding coincides with the low-doped cm InP substrate. The top cladding is made of an inner 1.5-m and outer 0.8-m thick AlInAs layer, doped cm and cm , respectively, followed by a highly doped cm , 350-nm-thick InGaAs layer [12] . Between all bulk-like layers, 25-nm-thin digital transition layers are grown.
In wafer D2886, 31 periods of active regions and injectors were bounded on the bottom by an inner, 800-nm-thick AlInAs layer cm , followed by a 1.1-m-thick InGaAs layer cm , and the InP substrate. The top-cladding consisted of an 800-nm-thick AlInAs layer cm , followed by 1.1-m InGaAs cm , 1.8-m AlInAs cm , and, finally, capped by 350-nm-thick highly doped InGaAs cm . This waveguide was intended for potential phase matching, but-as later experiments showed-did not achieve it, likely due to a sizable discrepancy between theoretical and experimentally obtained modal refractive indices.
Wafer D2912 again has a conventional QC-laser waveguide similar to that of D2616 and D2882. Fifty periods of active regions and injectors are sandwiched between two layers of InGaAs, a 600-nm-thick one below and a 400-nm-thick one above, both doped to cm . The bottom cladding is provided by the InP substrate and the top cladding is made from an inner 2.1-m-thick AlInAs layer doped to cm an outer AlInAs layer, 400 nm thick and doped to cm , which are also capped by a 350-nm-thick highly doped cm layer of InGaAs. The calculated modal refractive indices and waveguide attenuation coefficients of all waveguides at both the fundamental ( and , respectively) and SHG ( and , respectively) wavelengths are summarized in Table I. All wafers were grown by molecular beam epitaxy (MBE) using In Ga As and l In As. The devices were processed as deep-etched ridge waveguide lasers with widths varying from 8 to 16 m. The side-walls are coated with 300-nm-thick SiN, and a Ti/Au contact is supplied to the top of the ridges; it also coats the electrically insulated sidewalls. Ge/Au/Ag/Au is applied to the substrate side as back-contact metalliziation following the thinning (lapping) of the wafer material to m. Laser bars with lengths ranging from 1.5 to 3 mm were cleaved from the processed chips, In-solder bonded to copper heat sinks, and wire-bonded. Fig. 2(a) and (b) shows the close-up details of the conduction band diagrams of the structures in Fig. 1(a) and (b) , respectively. To calculate the resonant nonlinear optical response of such a multistate system, we solve the coupled density matrix equations and Maxwell's equations. For the reader's convenience, we outline the derivation details here. Equations for the density matrix elements can be written in the following general form [13] :
III. THEORY AND MODELING RESULTS
Here is the relaxation rate of the off-diagonal element of the density matrix, the transition frequency, the dipole moment of the transition , and denotes all relaxation and pumping terms that determine the population of the th state in the absence of radiation field. The electric component of the radiation field inside the laser cavity can be represented in our case as a sum over quasi-monochromatic components with slowly varying amplitudes and frequencies nearly resonant to the transition frequencies (5) As is evident from Fig. 2 , , , and , where is the fundamental frequency of a laser. Similarly, , , and . Off-diagonal elements of the density matrix can be written as (6) where the amplitude is a slowly varying function of time. For the diagonal elements, . Using the above expressions in (3), (4), we arrive at the truncated density matrix equations (7) (8)
Here
. Note that , , and . The nonlinear polarization at the second harmonic can be calculated from (7) and (8) as (9) where is the volume density of electrons in the active mixing region. This polarization serves as a source for the electromagnetic field at the second harmonic.
In this paper, we consider the operation in the CW regime or with current pulses much longer than all relaxation times. In this case, we can neglect all time derivatives in the above equations, and solving for and is reduced to algebra. In principle, the expression for the nonlinear polarization defined by (9) is valid for arbitrarily strong field amplitudes and includes such resonant nonlinear effects as saturation and power broadening. However, in the present study, the field intensities were well below their saturation values most of the time, except for the measurements of devices made from D2886 at the highest current, when the fundamental pump power reached 1 W. For sufficiently weak fields, we can expand the solution in powers of the field amplitudes and arrive at the following expression for the amplitude of nonlinear polarization in the -approximation: (10) where is the component of the electric field at fundamental frequency , is the coordinate in the growth direction [001], and is along the waveguide axis in the direction. One can clearly see from (10) the interference between the cascades 2-3-4 and 3-4-5. If the electrons are mainly in state 3, , , , this interference tends to decrease the overall value of . Therefore, the active regions were designed to have the SHG dominated by only one cascade.
Increasing the field intensity beyond the saturation value leads to the decrease in the population differences and broadening of the linewidths , , so that the value of decreases. The saturation intensity is of the order of 1 , assuming exact resonance, and increases with detuning.
In the same weak-field approximation, the nonlinear polarization amplitude at the third harmonic is given by (11) To calculate the power of the nonlinear signal, we adopt the usual assumption that the transverse distribution of the electromagnetic field is determined by a "cold" waveguide and constitutes orthogonal sets of transverse electric (TE) and transverse magnetic (TM) modes. Only TM modes are excited efficiently since the polarization associated with electronic intersubband transitions contains only the component. In fact, there is also an excitation of TE modes at a second-harmonic frequency due to nonresonant lattice nonlinearity of a structure. However, this process is inefficient with the present waveguide orientation since it is proportional to a small longitudinal component of the electric field of the TM laser mode at a fundamental frequency.
Furthermore, the magnetic field amplitude of a given TM mode with frequency and longitudinal wavenumber can be represented as a product of function , where the complex function varies slowly with coordinate along the waveguide direction, and the transverse distribution , which satisfies the transverse Helmholtz equation for the "cold" waveguide (12) The component of the electric field is related to as . For time-dependent processes, is also a slow function of time.
Substituting the above expression for into the wave equation for the second harmonic, using the orthogonality of functions for modes of different order, and solving the resulting equation for the amplitude , we finally arrive at the following expression for the nonlinear signal power: (13) where stands for the total losses of a given cavity mode at wavelength of the second harmonic, is the cavity length, and are reflection factors of a cavity and effective refractive indices of modes at wavelengths , respectively,
, and is the power in the fundamental mode. The nonlinear overlap factor , which defines an effective interaction cross section of two TM modes, is given by (14) where and are dielectric permittivities of a waveguide at frequencies and , respectively. The values of are between 300-500 m for the devices made from D2616/D2882 and D2886 and around 1000 m for the devices made from D2912.
Using (10), (13) , and (14), we can now estimate the expected second-order optical susceptibility and the nonlinear conversion efficiency for all three generations of devices. The estimations for are uncertain within a factor of 2 or 3, mainly because of differences between the designed and actual transition frequencies and the doping levels. Applying (10) with parameters taken from Table I , we obtain (170 pm/V), (340 pm/V), and pm/V , for structures D2616/D2882, D2886, and D2912, respectively. Note the large nonlinear coefficient for D2912, which is two orders of magnitude higher than in standard nonlinear optical crystals and bulk III-V semiconductors.
In D2616/D2882, the main contribution to comes from the cascade 2-3-4. In the case of D2886 and D2912, the contributions from 2-3-4 and 3-4-5 cascades turn out to be comparable, which can lead to some negative interference and reduction in by up to 30%. In estimations of the conversion efficiency , the largest uncertainty comes from , and there are additional sources of uncertainty: the phase mismatch and overlap factor . Variations of these parameters also cause the spread of between different devices of the same structure. Using the design parameters from Fig. 4 . The calculated efficiency for D2912 is larger than the highest measured value by a factor of 3. The most probable reason for discrepancy is overestimation of by a factor of 2 due to deviation of the actual electron density and detunings from the calculated values.
As is evident from the structure of (13), the main avenue for increasing efficiency is to improve the phase matching. The mismatch factor in the structures under study is between 1000-1500 cm , which is 100 times larger than the modal losses . Therefore, we could obtain an increase in efficiency of three to four orders of magnitude by making the mismatch factor comparable to the optical losses. However, even in mismatched waveguides, there is still room for improving the efficiency by decreasing the effective interaction area in devices with a D2912-type active region. This could boost the efficiency to the value of 1 mW/W .
IV. EXPERIMENTAL RESULTS
The laser bars mounted to copper heat-sinks and with selective devices wire-bonded were attached to the temperature-controlled cold-finger of an He-flow cryostat. Most measurements discussed in this paper were taken at cryogenic temperature, close to 10 K. However, as we will discuss in a companion paper on the temperature performance and single-mode tunability of the laser structures discussed here, SHG was observed up to thermo-electric cooler temperature with good efficiency. [14] The lasers were operated in pulsed mode with 50-80-ns current pulse widths at repetition rates ranging from 4 to 84 kHz. The cryostat was fitted with a doubly antireflection (AR)-coated ZnSe window, yet control measurements have also been made using a quartz window; lenses with large numerical aperture, made either from AR-coated ZnSe, Ge, or uncoated CaF, were used to collimate and refocus the highly divergent light emission from the cleaved facets. Quartz, silica glass, sapphire, and an undoped InP flat were used as optical filters to discriminate between fundamental pump and SHG light. The spectra were taken using a Fourier transform infrared spectrometer fitted with cooled HgCdTe and InSb detectors for the pump and SHG light, respectively. When measuring the laser light at the fundamental frequency, attenuation screens were used to avoid saturation of the detector and detection electronics.
The light output versus current ( -) measurements were taken with a calibrated, fast HgCdTe photovoltaic detector for the fundamental light and a calibrated, cooled InSb photovoltaic detector for the SHG light. In these measurements, light was collected with near unity collection efficiency from one facet.
After measuring the linear and nonlinear -characteristics, we deduce the external linear-to-nonlinear power conversion efficiency by graphing the nonlinear power versus the square value of the linear power. A linear fit to this curve (where suggested) results in the external power conversion efficiency. This value is closely related to the second-order nonlinear susceptibility and allows us to compare our theoretical and experimental results. Fig. 3(a) shows the linear and nonlinear -characteristics of a representative device of D2886; approximately 0.5 W of fundamental peak power results in about 200 nW of SHG light. The inset reports the external linear to nonlinear power conversion efficiency, which is close to W/W . The laser threshold of about 1 A corresponds to a threshold current density of 2.74 kA/cm , which is a reasonable value for this type of active region [2] , supporting the notion that the added feature of simultaneously integrated nonlinear cascade does not significantly interfere with the laser performance of the active region.
A. Linear and Nonlinear Light Output Versus Current Characteristics
The kink at about 2.4 A in the linear -curve is a frequent occurrence with QC lasers. It is mostly attributed to the onset of higher order transverse modes, i.e., the laser ridges are wide enough to support two, sometimes even three, transverse modes in lateral direction. The kink is also reproduced in the nonlinear -curve and the external conversion efficiency curve. As different transverse modes have different modal effective indices and attenuation coefficients, it is not surprising that the external efficiency can change noticeably at such a kink. However, no clear trend has been seen on the magnitude or even the sign of the change of the external conversion efficiency with the nature of the kink. This is understandable from the fact that, aside from the variability in the transverse mode patterns, the external efficiency is affected by a much larger range of factors, e.g., the resonance condition depending on the applied electric field, the carrier density in level 3, and more. Fig. 3(b) shows the linear and nonlinear -curves for a characteristic device of D2912. Here, about only 100 mW of fundamental peak output power are transformed into nearly 550 nW of SHG light. The external power conversion efficiency is accordingly much higher than that of the device of Fig. 3(a) , between a factor of 50-100 higher. We notice a strong spread in the values of the external conversion efficiency, which can span almost a decade. However, we did not find a clear correlation with any significant device parameter, such as the ridge width or cavity length-two possibilities that were explicitly explored. The spread of the data may still be explained by the simultaneous presence of various lateral transverse modes inside the laser waveguide during operation. Depending on the fraction of power attributed to each mode, the conversion efficiency, which in our measurements is averaged over all modes simultaneously collected on the detector and averaged over many ( 500) consecutive current pulses, can attain a wide number of values. Nevertheless, the improvement in external linear-to-nonlinear conversion efficiency between each generation of wafers D2616/D2882, D2886, and D2912 was significant. Fig. 5 reports the linear and nonlinear light output and voltage versus current ( --) characteristics of the one device of D2886, which gave us the highest absolute value of nonlinear optical power. We obtained 2 W of SHG light at 1 W of fundamental peak output power. Aside from displaying generally very high laser performance as manifested in a low laser threshold density kA/cm , a high slope efficiency (0.24 W/A), and an emission spectrum that remained well defined and spectrally narrow up to high current levels, this device was not remarkable in other aspects. Similarly, its neighbors on the same laser bar (each separated by 500 m) showed just average performance, well in agreement with the data shown in Fig. 4 . Therefore, such high-performing outliers give us reason to believe that still considerable nonlinear power gains can be made by greater knowledge about and control over the critical device parameters in QC lasers with integrated nonlinear optical cascades. Fig. (6a) -(c) reports spectral data obtained from our lasers. Fig. 6 (a) displays large-spectral range power versus wavelength data obtained with the InSb (top) and HgCdTe (bottom) detectors. These spectra demonstrate the absence of spurious signals in the power measurements of the two detectors, each targeted for its own specific (the fundamental or SHG) wavelength range. Fig. 6 (b) and (c) shows high-resolution spectra of representative devices of D2886 and D2912, respectively. Both spectra in the region of the fundamental as well as the SHG emission are shown. The expected direct correspondence between the respective spectra is observed in the data. Small disturbances [one being marked by a star in Fig. 6(c) ] in the otherwise regular Fabry-Perot spectra indicate regions where the overlap of at least two spectral combs of various transverse modes can clearly be seen.
B. High-Performance ( -W SHG) Nonlinear Light Generation in QC-Lasers

C. Spectral Measurements of SHG
D. Third-Harmonic Generation (THG) in QC Lasers
This paper is mostly concerned with the optimization of SHG in QC lasers. As was shown in Figs. 1 and 2 , both optimized designs of active regions contained two interleaved nonlinear cascades for SHG. As a result, the general possibility exists for a nonlinear cascade 2-3-4-5 for third-harmonic generation (THG) in the same QC lasers. At resonance, the ratio of the third-order to second-order nonlinear susceptibility and the ratio of powers is of the order of . It can be of the order of 0.01 if the pump field intensity is about 1 MW/cm and the dipole moment is of order 10 . In fact, while the third-order nonlinear susceptibility is very small in designs D2616/D2882 and D2886, the design of D2912 has nonnegligible, though in no way optimized, . Fig. 7 thus reports the high-energy emission spectrum of a representative device of D2912; a small signal at (at m wavelength) is indeed observed. In future work, we will attempt optimization of THG in a similar structure.
V. CONCLUSION
In summary, we have demonstrated optimized SHG in QC lasers, in which the resonant optical nonlinearity was directly integrated into the laser active regions. We achieved very high absolute SHG power levels of up to 2 W and large linear-to-nonlinear power conversion efficiency of around 50-100 W/W . These values have been achieved for QC lasers and integrated nonlinear optical cascades still without phase-matching of the fundamental pump and SHG guided modes. We estimate that with the optimized active regions and frequency converters shown here and a phase-matching waveguide SHG power levels close to 1 mW can be achieved. Therefore, SHG has clear potential as an alternative way to produce very short wavelength m light in QC lasers. Such short wavelengths are of importance for, e.g., trace gas sensing of lightweight molecules.
Furthermore, many of the concepts discussed here are similarly valid for a wider range of nonlinear optical effects, such as sum-frequency, difference-frequency, and higher harmonics generation, which in their entirety will significantly broaden the wavelength range accessible to QC lasers.
Finally, the demonstrated success of SHG allows us also to assess the feasibility of more complex schemes of parametric light generation, such as monolithic semiconductor parametric amplifiers and oscillators or Raman lasers. 
